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Abstract 
The effect of concentration of the metallic component – platinum (0.1-2 wt.%) – and its electronic state in Pt/WO3/ZrO2 catalysts 
on characteristics of n-heptane isomerization was studied. It was found that a rise in the platinum concentration to 1.5 wt.% 
increases the yield of the target products of n-heptane isomerization – high-octane di- and trimethyl-substituted isomers (DTMS). 
Calcination of the catalyst in flowing air was shown to facilitate the formation of charged platinum, the presence of which 
enhances the catalyst activity. 
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the Omsk State Technical University. 
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1. Introduction 
Isomerizate is the high-octane and environmentally safe component of modern commercial gasolines. At present, 
the straight-run fraction of С5-С6 hydrocarbons is sent to isomerization. In this work, in order to meet the ecological 
requirements to commercial gasolines [1], it is proposed to send to isomerization also the fraction containing mostly 
the C7 hydrocarbons, which would diminish the fraction of aromatic hydrocarbons in gasolines. An efficient catalyst 
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for isomerization of C7 alkanes is the catalytic composition based on WO3/ZrO2 with deposited platinum group 
metals [2-4]. 
Our earlier study [5] on optimization of the WO3/ZrO2 support showed that the optimal concentration of WO3 is 
25 wt.%. It was found also that the optimal temperature for calcination of the support containing 25 wt.% WO3 is 
950qC. 
To ensure a stable operation of the WO3/ZrO2 catalyst, the hydrogenating metals (Pt, Pd) are introduced into its 
composition. This work aims to reveal the effect of platinum concentration and electronic state in the Pt/WO3/ZrO2 
catalyst on characteristics of n-heptane isomerization. 
2. Experimental 
2.1. Catalyst preparation 
Zirconium hydroxide was obtained by precipitation from a ZrOCl2·H2O solution by an aqueous solution of 
ammonia at a constant pH 9.5±0.5 under intense stirring. The resulting precipitate was held in the mother liquor for 
1 h, filtered, washed with distilled water until termination of a qualitative reaction for Cl– ions with an AgNO3 
solution, and dried at 100qC for 5 h. WO3/ZrO2 was synthesized by anionic modification of zirconium hydroxide 
with an aqueous solution of ammonium metatungstate (Aldrich, > 85 wt.% WO3) followed by molding, drying at 
120qC for 3 h, and calcination in air at 950qC for 2 h. Pt/WO3/ZrO2 was obtained by impregnation of WO3/ZrO2 
with a H2PtCl6 solution having a specified concentration to ensure a 0.1-2 wt.% Pt content in the catalyst with 
subsequent drying at 120qC for 3 h and calcination in a flow of dried air at 350-550qC for 1 h. The synthesized 
catalyst was denoted as Pt/25WZ, where W stands for WO3, Z is ZrO2, and 25 is the WO3 content (wt.%) in the 
catalyst. 
2.2. Catalyst characterization 
The electronic state of platinum in the catalysts was studied by diffuse reflectance IR spectroscopy of adsorbed 
CO molecules (DRIFTS) on a Shimadzu 8300 Fourier spectrometer with a DRS-8000 diffuse reflectance 
attachment. IR spectra were recorded using the catalyst fraction with a 0.2-0.7 mm particle size. The samples were 
placed in a cuvette for high-temperature pretreatment and adsorption of CO. The catalyst samples were precalcined 
in flowing air at 450°C and (or) reduced with hydrogen at 300°C; this was followed by evacuation at the 
corresponding temperatures for 1 h. After evacuation, the adsorption of CO was performed at 25°C and a pressure of 
100 Torr with subsequent evacuation of CO at 25, 100 and 200°C.  
An X-ray photoelectron spectroscopy (XPS) study of the catalysts was carried out on a KRATOS ES-300 (Kratos 
Analytical) electron spectrometer using MgKα source (1253.6 eV) in FAT-mode at a constant pass energy of 50 eV. 
Prior to spectroscopic measurements, the samples were evacuated in the preparatory chamber to 10–5 Pa and then 
transferred to the analyzer chamber, where the base vacuum was 10–7 Pa. The energy scale was calibrated against 
the binding energy of the C 1s line (285 eV), which was used as the internal standard. 
Temperature-programmed desorption of ammonia (TPD) was conducted on an AutoChem-2920 (Micromeritics) 
instrument with a heat conductivity detector. The samples were reduced in a flow of 10% H2 in helium up to 450°C, 
held at this temperature for 30 min, and purged with helium for 30 min; after that, the samples were cooled in 
flowing helium to 100°C, and adsorption of ammonia was performed for 1 h using a mixture of 10 vol.% NH3 in 
helium. Weakly bound ammonia was removed by purging with helium at 100°C for 1 h. TPD of ammonia was 
carried out in a temperature region of 100-450°C at a heating rate of 10°C/min. 
2.3. Catalytic tests 
Isomerization of n-heptane was performed in a flow setup with a fixed-bed isothermal tubular reactor (2 cm3, 
particle size of 0.2-0.7 mm) at a pressure of 1.5 MPa and temperature of 140-240qC. Before the reaction, the catalyst 
was reduced in flowing hydrogen at 300qC for 3 h; after that, the reactor was cooled to the reaction temperature, and 
n-heptane was fed at a liquid hourly space velocity (LHSV) of 1 h–1 and a H2/n-heptane ratio of 3 (mol). 
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The online analysis of the reaction products was performed on a gas chromatograph equipped with a flame-
ionization detector and a capillary column RESTEK CORP Rtx-1 (the length of 60 m and internal diameter of 0.25 
mm). Activity of the catalysts was estimated as the conversion of n-heptane. Selectivity of isomerization was found 
as a ratio of the yield of the sum of heptane isomers to the yield of all products. 
3. Results and discussion 
3.1. Platinum loading 
The effect of platinum concentration on characteristics of n-heptane isomerization was investigated using the 
WO3/ZrO2 support that had the optimal composition, contained 25 wt.% WO3 and was calcined at a temperature of 
950qC, which is optimal for such a composition. The choice of this support was based on the data of our previous 
study [5]. Platinum was deposited from the H2PtCl6 solution. Platinum concentration was varied in a range of 0.1-
2 wt.%. 
The effect of platinum content on acidity of the catalysts was examined by TPD of ammonia (Table 1 and Fig. 1). 
Table 1. Acidity of Pt/25WZ catalysts with different platinum content according to TPD-NH3 data. 
Pt content, wt.%  Temperature of a maximum, 
qC  
Total amount of desorbed 
NH3, Pmol/g 
0 177-212, 256 107.5 
0.5 192 103.0 
1.5 200 95.0 
100 200 300 400
 
 
TC
D
 s
ig
na
l (
a.
u.
)
Temperature (°C) 
 25WZ
  
 1.5% Pt/25WZ
  
 0.5% Pt/25WZ
 
Fig. 1. TPD-NH3 curves for Pt/25WZ catalysts with different platinum content. 
As follows from data of Table 1, the introduction of platinum into support to a concentration of up to 1.5 wt.% 
decreased the total acidity of the catalyst from 107.5 to 95 Pmol/g. Therewith, an increase in the platinum 
concentration by each 0.5 wt.% decreased the catalyst acidity by 4-4.5 Pmol/g on the average.  
Platinum introduction into support facilitated changes not only in the amount but also in the quality of acid sites 
(Fig. 1). The TPD curve for the sample without platinum shows two types of acid sites: a shoulder in the 
temperature region of 177-212qС and a maximum at 256qC. The introduction of 0.5-1.5 wt.% platinum into the 
catalyst resulted in the disappearance of the maximum at 256qC, which is typical of stronger acid sites, and the 
appearance of a distinct maximum at 190-200qC, which is typical of weaker acid sites. The acquired TPD data 
suggest that platinum is anchored on acid sites of the support, thus decreasing their total amount and changing their 
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features, which is indicated by the shift of the maximum toward lower temperatures for the platinum-containing 
samples. 
Data of catalytic testing of the catalysts with different platinum content are displayed on Figs. 2-3. 
 
Fig. 2. Temperature of the 60% conversion of n-heptane for Pt/25WZ catalysts with different platinum content. 
 
Fig. 3. The yield of DTMS isomers ( ) and the sum of heptane isomers (  ) versus platinum content in the Pt/WO3/ZrO2 catalyst. 
Activity of the catalyst without platinum was not high – at 260qC the conversion was ca. 40% (not shown), and 
stability was low – after 5 hours of operation the conversion of n-heptane did not exceed 1.5%. The introduction of 
0.1-0.5 wt.% platinum into the catalyst (Fig. 2) substantially increased the catalyst activity – the 60% conversion of 
n-heptane was reached at 160-170qC. An increase in the platinum concentration by 1-2 wt.% decreased the catalyst 
activity – the 60% conversion of n-heptane was reached at higher temperatures, 180-200qC. Platinum in the catalyst 
composition maintained its stable operation throughout the experiment (8-10 h). 
As seen on Fig. 3, the catalyst without platinum is characterized by low yields of the target products of the 
reaction – high-octane di- and trimethyl-substituted heptane isomers (DTMS) and the total sum of heptane isomers 
(7 and 25 wt.%, respectively). As the Pt concentration was raised to 1.5 wt.%, the yield of DTMS isomers and the 
total yield of heptane isomers increased to 29 and 75 wt.%, respectively. An increase in Pt concentration to 2 wt.% 
did not produce a further growth in the yield of isomers.  
3.2. Electronic state of Pt 
The electronic state of platinum in Pt/WO3/ZrO2 catalysts was studied by means of diffuse reflectance IR 
spectroscopy of adsorbed CO molecules and X-ray photoelectron spectroscopy. The electronic state of Pt in the 
catalysts dried at 120°С was varied using different treatment conditions: (1) calcination in flowing air at 450qC; 
(2) calcination in flowing air at 450qC with subsequent reduction at 300qC; (3) direct reduction with hydrogen at 
300qC without precalcination in air. 
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Data obtained by investigation of the electronic state of Pt in the catalysts by IR spectroscopy of adsorbed CO are 
listed in Table 2. 
Table 2. Electronic state of platinum in Pt/WO3/ZrO2 catalysts according to IR spectroscopy of adsorbed CO molecules 
(1 wt.% content of Pt in the catalysts). 
Conditions  
of catalyst treatment  
O2 (450qC) O2 (450qC) 
H2 (300qC) H2 (300qC) 
Electronic state of Pt Absorption band, cm–1 
Pt4+ 2194 2193 - 
Pt2+ 2139-2144 2142 - 
Ptδ+ 2105 2109 - 
Pt+ 2155 2163 - 
Pt0 2088-2093 
2070-2077, 
2084-2093 
2060-2067, 
2074 
 
As seen from Table 2, platinum in the catalyst calcined at 450°С is characterized by the following set of charged 
states: Pt4+, Pt2+ and partially charged Ptδ+ (with a.b. 2194, 2139-2144 and 2105 cm–1, respectively); there is also 
Pt+ with a.b. 2155 cm–1, which was attributed by the authors of [6, 7] to the linear complex of CO with Pt+ ions 
entering the subsurface complexes (O–Pt)–CO. In the IR spectra (not shown) of the calcined and reduced catalyst, 
the intensity of absorption bands corresponding to all the charged states of platinum listed above is lower as 
compared to the calcined sample. In the sample that was reduced without preliminary calcination, IR spectroscopy 
revealed platinum only in the metallic state with the bands at 2060-2067 and 2074 cm–1. 
The state of platinum in Pt/WO3/ZrO2 catalysts was additionally studied by XPS (Fig. 4). 
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Fig. 4. The Pt 4f XPS spectra of the Pt/WO3/ZrO2 catalyst after different treatments: (a) calcination in flowing air at 450qC; (b) calcination in 
flowing air at 450qC followed by reduction with hydrogen at 300qC. 
According to Fig. 4, platinum in the calcined catalyst is in the charged state Pt2+ with the Pt 4f7/2 binding energy 
of 72.6 eV [8, 9]. Hydrogen treatment of the air-calcined catalyst at 300qC resulted in the appearance of metallic Pt0 
with the Pt 4f7/2 binding energy of 71.2 eV, which constituted ca. 60-70% of the total platinum amount in the 
surface layer of the catalyst. The rest platinum was in the Pt2+ state. 
Thus, the DRIFTS and XPS studies demonstrated that charged platinum in the calcined catalyst is retained even 
after reduction with hydrogen. 
To investigate the effect of platinum electronic state on the catalytic performance of Pt/WO3/ZrO2 catalysts, the 
samples treated under different conditions were tested in isomerization of n-heptane. 
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Fig. 5 displays the 60% conversion of n-heptane (a) and the yield of high-octane DTMS isomers (b) versus the 
temperature of catalyst calcination in flowing air. 
 
 
Fig. 5. (a) Temperature of the 60% conversion of n-heptane and (b) the yield of DTMS isomers versus calcination temperature of the catalyst in 
flowing air (prior to the reaction, all the catalysts were reduced with hydrogen at 300qC). 
As seen on Fig. 5 (a), an increase in the temperature of catalyst calcination in flowing air decreased the 
temperature at which the 60% conversion of n-heptane was reached, and thus enhanced the catalyst activity. 
Calcination of the catalyst at 350qC increased the yield of DTMS isomers (Fig. 5, b) from 26 to 28 wt.%, while a 
further elevation of the calcination temperature to 450 and 500-550qC decreased the yield to 27 and 25 wt.%, 
respectively. 
4. Conclusion 
The study has demonstrated that platinum plays an important role in Pt/WO3/ZrO2 catalysts. The catalyst 
without platinum has low activity, selectivity and stability. The introduction of platinum into the catalyst in the 
amount of 0.1-0.5wt.% enhances the catalyst activity, and an increase in the platinum concentration to 1.5 wt.% 
increases the yield of the target products of the reaction – high-octane DTMS isomers of heptane. In addition, 
platinum in the catalyst maintains its stable operation throughout the experiment (8-10 h). 
It was found that calcination of the catalyst in flowing air is an important stage in the catalyst synthesis, which 
facilitates the formation of charged platinum, which improves the catalytic activity of the samples. 
Thus, platinum in Pt/WO3/ZrO2 catalysts performs the important functions: increases their activity and the yield 
of high-octane isomers of heptane, and ensures stable operation. 
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